Gating of ion channels by ligands is fundamental to cellular function, and ATP serves as both an energy source and a signaling molecule that modulates ion channel and transporter functions. The slowly activating K + channel I Ks in cardiac myocytes is formed by KCNQ1 and KCNE1 subunits that conduct K + to repolarize the action potential. Here we show that intracellular ATP activates heterologously coexpressed KCNQ1 and KCNE1 as well as I Ks in cardiac myocytes by directly binding to the C terminus of KCNQ1 to allow the pore to open. The channel is most sensitive to ATP near its physiological concentration, and lowering ATP concentration in cardiac myocytes results in I Ks reduction and action potential prolongation. Multiple mutations that suppress I Ks by decreasing the ATP sensitivity of the channel are associated with the long QT (interval between the Q and T waves in electrocardiogram) syndrome that predisposes afflicted individuals to cardiac arrhythmia and sudden death. A cluster of basic and aromatic residues that may form a unique ATP binding site are identified; ATP activation of the wildtype channel and the effects of the mutations on ATP sensitivity are consistent with an allosteric mechanism. These results demonstrate the activation of an ion channel by intracellular ATP binding, and ATP-dependent gating allows I Ks to couple myocyte energy state to its electrophysiology in physiologic and pathologic conditions. ischemia | heart failure S ignificant energy is required to sustain both the electrical and contractile events that accompany each heart beat, suggesting that the level of ATP is one key to normal cardiac functions. Not surprisingly, a reduction in ATP concentration ([ATP]) plays a key role in the pathogenesis and progression of ischemic heart diseases, including heart failure. Intracellular ATP is important not only in providing energy (1) and as a substrate for protein kinases (2), but also as signaling molecules to bind and modulate proteins. Only a handful of results have shown that intracellular ATP serves as a signal for membrane channels and transporters (3). The best-studied example is the K ATP channel (4, 5). This channel is inhibited in physiologic conditions by [ATP]s of 5-10 mM (6), but when the ATP levels drop to submillimolar concentrations, as in cardiac ischemia, the K ATP channels open, shortening the action potential duration and providing metabolic protection against the insult of ischemia (7). However, at normal physiologic conditions, whether and how ATP serves as a signal connecting the energetic state of the cell to membrane excitability is still unknown.
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The slowly activating K + channel I Ks plays an important role in controlling the action potential duration (APD) in cardiac myocytes; it opens in response to depolarization to conduct potassium ions out of the cell, which contributes to repolarization of the membrane, terminating the cardiac action potential and thereby the myocyte contraction. The I Ks channel consists of pore-forming KCNQ1 subunits and the single-transmembrane auxiliary subunits KCNE1 (8, 9) . Loss-of-function mutations in either KCNQ1 or KCNE1 lead to prolongation of ventricular action potentials and long QT syndrome (LQTS) that manifests as QT (interval between the Q and T waves in electrocardiogram) prolongation in the electrocardiogram. LQTS predisposes patients to cardiac arrhythmias that lead to syncope and sudden death (10) .
Previous studies show that ATP is required for activation of I Ks channels (11) , but the molecular mechanism and the physiologic function of this ATP modulation is not known. It was the purpose of this study to investigate the mechanism by which ATP regulated I Ks. Our results show that ATP directly binds to the KCNQ1 protein to regulate channel function at concentrations ([ATP]) close to the physiologic intracellular [ATP] in cardiac myocytes. Our studies also reveal a unique ATP binding site and mechanism for modulation of ion channel function. Further, we found that several LQTassociated mutations alter I Ks function by reducing ATP sensitivity. These results demonstrate that ATP regulation is vital for I Ks channel function; a disruption of these regulations predisposes to life-threatening cardiac arrhythmias.
Results ATP-Dependent Activation of I Ks Channels. We studied heterologously expressed human KCNQ1/KCNE1 currents (hI Ks ) in insideout membrane patches from Xenopus oocytes with application of various intracellular ATP concentrations ([ATP]). Upon patch excision, the current ran down in low [ATP] (Fig. 1A) , consistent with previous findings that the loss of native ATP in cytosol resulted in reduced channel activity (11) . However, the current ran up in high [ATP] , suggesting that the open probability of channels (P o ) is not maximal with the native cytosolic [ATP] that is insufficient to saturate channel activation. Thus, a reserve of the I Ks channels open in higher applied [ATP] , resulting in currents larger than those observed at patch excision (Fig. 1A) . The steady-state current amplitude increased with [ATP] with the EC 50 at 1.7 mM (Fig. 1B) , which is close to the physiological [ATP] in cardiac myocytes (6) . This result suggests that cardiac I Ks could be sensitive to the cellular energetic state, and fluctuations of [ATP] as in ischemia could alter electrical properties via regulating I Ks .
Significance
We show that intracellular ATP at physiological concentrations acts as a signaling molecule to activate the slowly activating K + channel I Ks that regulates heart rate adaptation. ATP binding to the pore-forming α-subunit of I Ks , KCNQ1, allows the channel to open. Congenital mutations that reduce ATP binding or subsequent opening of the I Ks channel are associated with cardiac arrhythmias in human patients. Electrical abnormalities are often the cause of fatality in cardiovascular diseases, including ischemia and heart failure, in which ATP level is reduced in cardiac cells. Our results open up new possibilities to study and manage these diseases, and the ATP site provides a unique target for therapies.
The physiological importance of the ATP sensitivity of I Ks is supported by our subsequent finding that a LQT-associated mutation Q357R in KCNQ1 (12) reduces ATP sensitivity, as shown by an increased EC 50 of the response to [ATP] and the larger fraction of the current activated by applied high [ATP] (Fig. 1B) . Consistent with previous studies (13), we found that Q357R coexpressed with KCNE1 (Q357R hI Ks ) showed a smaller current amplitude, a slower activation time course, and a shift of the voltage dependence of activation toward more depolarized potentials compared with the WT hI Ks measured from whole-cell currents. Each of these changes in channel properties would decrease the ability of I Ks to participate in cardiac repolarization, resulting in prolongation of APD. Furthermore, application of a high [ATP] (20 mM) during inside-out patch-clamp recordings of Q357R hI Ks restored the WT channel characteristics. Specifically, the current amplitude increased three-to fivefold, sufficient to account for all of the reduction in the whole-cell current (SI Appendix, Fig. S1 ), and the voltage dependence of channel activation shifted back toward less-depolarized voltages to superimpose on that of the WT hI Ks (Fig. 1C) . These results suggest that a decrease in ATP sensitivity of the I Ks channel due to mutation Q357R can lead to LQT syndrome.
KCNQ1 expressed alone without KCNE1 shows a similar dose-response to [ATP] (Fig. 1D) , indicating that the ATP dependence is an intrinsic property of KCNQ1 and not altered by KCNE1 association. I Ks channels also require phosphatidylinositol 4,5-bisphosphate (PIP 2 ) for function (11, 14, 15) and are modulated by calmodulin (CaM) (16, 17) and phosphorylation of residues S27 and S92 in KCNQ1 by PKA (18, 19 ], or mutations S27D/S92D that mimic phosphorylation (14, 18) (Fig. 1D) , indicating that ATP activates the channel independently from these other intracellular regulatory molecules.
ATP Level Changes Affect Action Potentials in Cardiac Myocytes
Through Regulating I Ks . To directly examine the role of ATP sensitivity of I Ks in cardiac myocytes, we studied guinea pig ventricular myocytes using whole-cell patch-clamp techniques. I Ks currents increased with increasing [ATP] in pipette solutions (0-25 mM); a dose-response curve yielded an EC 50 of 1.4 mM (Fig. 2 A and B ATP Binding in KCNQ1. ATP could activate the I Ks channel by serving as the substrate for phosphorylation, binding to an associated protein or directly binding to the channel proteins. To distinguish these mechanisms, we first measured the ability of various nucleotides to prevent hI Ks current run-down due to washout of the native ATP after inside-out membrane patch excision (11) . GTP and a nonhydrolyzable ATP analog, 5′-adenylyl-β−γ-imidodiphosphate (AMP-PNP), in the intracellular solution can sustain channel function similarly as ATP, and, furthermore, the dose-response curves of channel function on GTP and AMP-PNP are superimposed with that on ATP (SI Appendix, Fig. S2 ), whereas the rundown of hI Ks currents became progressively faster when ADP and AMP were applied (Fig. 3A) . Thus, ATP is not unique in activating the channel and phosphorylation is not required. Furthermore, an ATP analog biotin photoprobe, 2-azidoadenosine 5′-triphosphate 2′,3′-biotin-long chain-hydrazone (AB11) (20) can prevent channel run-down (SI Appendix, Fig. S3 ) and be photo-cross-linked to the KCNQ1 protein ( Fig. 3B) , indicating that the nucleotide directly binds to KCNQ1 to modify hI Ks channel function. We found that the channels formed by coexpression of KCNQ2 and KCNQ3 do not require ATP for function ( Fig. 3 B and C and SI Appendix, Fig.  S4 ), and, correspondingly, AB11 cannot be photo-cross-linked to the KCNQ2 or KCNQ3 proteins (Fig. 3B) .
To locate the ATP binding site in KCNQ1, we first studied chimeric channels by transplanting the cytosolic C terminus to KCNQ2 and KCNQ3 to form Q2ctQ1 and Q3ctQ1 (SI Appendix, Fig. S5 ). Similar to hI Ks , channels formed by the coexpression of Q2ctQ1/Q3ctQ1 ran down after inside-out membrane patch excision (Fig. 3C ), but intracellularly applied ATP slowed the run-down (SI Appendix, Fig. S6 ), suggesting that the chimeras acquire ATP sensitivity and the C terminus of KCNQ1 contains the ATP binding site. Because the potency of nucleotides in activating hI Ks correlates with the number of phosphates (Fig.  3A) , the channel may associate with ATP through electrostatic interactions between basic residues and the negatively charged phosphates of ATP. Interestingly, neutralization mutations of several of the cytosolic basic residues are associated with LQTS. We performed a mutational scan to neutralize each of the basic residues to Ala, LQT-associated mutation, or deletion in the N (14) . Dashed curves in B and C are the fittings of the model in Fig. 7A .
terminus and the C terminus of KCNQ1 to examine which of these residues affected ATP sensitivity (Fig. 3D ). We used a simplified ATP dose-response assay to examine ATP sensitivity of the mutant channels. We chose three ATP concentrations, 0.5, 1.5, and 20 mM, at which the WT I Ks channels are activated to 20, 50, and 100% of saturation, respectively (Fig. 3D , Inset). If a mutation reduces ATP sensitivity, the ATP dose-response curve is expected to shift to higher ATP concentrations such that the fractional increments of channel activation at 0.5, 1.5, and 20 mM differ from those of the WT I Ks . A more complete dose-response curve would be measured once the mutation is identified as positive for confirmation and further characterization.
The results revealed three mutations, R380S, K393M, and R397W, that are all associated with LQT and reduced the expression of macroscopic hI Ks currents and ATP sensitivity of the channel (Figs. 3D and 4A and B; SI Appendix, Fig. S7 ). Residue R380 is located in helix A downstream from the S6 gate of the channel, whereas K393 and R397 are located in the linker between helix A and helix B (Fig. 4B and SI Appendix, Fig. S8 ). Though each of these mutations reduced ATP sensitivity, a combined mutation R380S/R397W eliminated ionic current altogether, although channel expression in the plasma membrane could still be detected (Fig. 4 C and D) . Furthermore, R380S/ R397W also eliminated photo-cross-linking of the ATP analog AB11 (Fig. 4D) . These results suggest that these three residues are part of the ATP binding site; whereas each individual mutation reduces ATP binding, the combined mutations disrupt ATP binding, resulting in the loss of channel function. Likewise, mutating each of these residues to negative charges, which could repel ATP, also eliminated hI Ks and AB11 photo-cross-linking ( Fig. 4 C and D) . The known ATP binding sites in other proteins also contain aromatic residues to coordinate the adenine group (21) . A mutational scan of each aromatic residue in helices A and B and the A-B linker (SI Appendix, Figs. S8 and S9) identified one mutation, W379S, that eliminated ionic current and AB11 photo-cross-linking of hI Ks (Fig. 4 C and D) , suggesting that W379 also participates in ATP binding. Similar to R380S, K393M, and R397W, W379S is also associated with LQT syndrome (22) (23) (24) (25) , further revealing the physiological importance of ATP modulation of I Ks .
The Mechanism of ATP Regulation of I Ks Channels. As a member of the Kv channel family, KCNQ1 is comprised of a voltage-sensing domain (VSD) and a pore-gate domain (PGD; SI Appendix, Fig.  S10 ). The I Ks channel contains four KCNQ1 subunits with the VSDs surrounding a central pore across the membrane; in response to membrane depolarization, voltage sensors move to trigger pore opening (26) . Does ATP binding affect voltage sensor movements, pore opening, or the coupling between the two processes? We used voltage clamp fluorometry (VCF) to answer this question.
Fluorescence signals from a fluorophore (Alexa 488 C 5 Maleimide) attached to the VSD (Materials and Methods; SI Appendix, Fig. S10 ) were recorded to monitor VSD movements, and ionic currents were simultaneously measured to show pore opening R97A R98A  R103A  R109A  R116A  K121A  R174A   R181A K183A  R190Q R191P  R195W K196A  R237W  R243W  R249Q  R259C  Q357R   K354A K358N  R360T K362N  R366W R369A   R380S  K393M  R397W  K398A  R401A  K411AK413AK414A  K419-422A  K424AK427A  K436A  R481A   R507A R511W   K515A R518P R519C  K526E K527A R528A  R533W K534A  R539W   R555C K557E  R561A R562M   K569E   K579A K581A (15, 26) (Fig. 5A) . The mutations that disrupt ATP binding, W379S and R380S/R397W (Fig. 4D) , eliminated ionic currents of KCNQ1 but did not abolish ΔF/F signals; moreover, the fluorescence-voltage (F-V) relationship and fluorescence signal are superimposed with that of the WT KCNQ1 ( Fig. 5 B and C) , indicating that ATP binding is not required for VSD movements. Next we tested if ATP is required for the coupling between the VSD movements and pore opening by measuring if opening the pore by the mutation L353K affected VSD activation (15) . L353K is located in the S6 gate and the mutation locks the channels constitutively open (15, 27) , such that instantaneous currents were observed at every applied voltage, and these currents were not inhibited by disrupting ATP binding ( Fig. 6A and SI Appendix, Fig. S11 ). The opening of the pore facilitated the VSD activation via the VSD-pore coupling, resulting in a leftward shift in the F-V relation by comparing the F-V relation of WT and that of locked open L353K channels (Fig. 6B) . Our recent study showed that this VSD-pore coupling is mediated by PIP 2 bound to the channel, and depletion of PIP 2 abolishes the coupling and thus the L353K-induced F-V shift (15 (Fig. 1C) , suggesting that the coexpression of KCNE1 does not alter the fundamental mechanism of ATP-dependent activation.
The lack of influence of KCNE1 on ATP-dependent activation is also supported by the result that both KCNQ1 and hI Ks channels showed a similar response to [ATP] (Fig. 1D) . The mutation Q357R also does not alter the fundamental mechanism of ATP-dependent activation, because the disruption of ATP binding in the background of Q357R does not affect the F-V relation (Fig. 7B) . Q357 is located just downstream from the S6 gate toward the C terminus in KCNQ1 and away from the amino acid cluster that is important for ATP binding (Fig. 4B ), yet it causes a reduction in ATP sensitivity of hI Ks activation (Fig. 1B) . Perhaps more strikingly, although the WT hI Ks activation requires ATP binding, the properties of hI Ks activation, including steady-state G-V relation (Fig. 1C) (Fig. 1C) . Although Q357R alters the slope of the F-V relation compared with the WT KCNQ1 (Figs. 5C and 7B) , the mutation does not change the kinetics of fluorescence signals (Fig. 7C) or properties of the hI Ks G-V relation at high [ATP] (Fig. 1C) , suggesting that the change in the ATP dependence of G-V relations may not be due to a change in VSD movement. It is also unlikely that all these changes are brought about by a direct influence of the mutation on ATP binding because, unlike Q357R, mutations that directly affect ATP binding do not cause a shift of the G-V relation to different voltages at the native [ATP] (Fig. 7D) . Interestingly, a simple change in the equilibrium constant of pore opening in the proposed model (Fig. 7A) can recapitulate the mutationcaused changes in ATP sensitivity (Fig. 1B) and ATP dependence of G-V relations (Fig. 1C) . These results suggest that the lack of [ATP] dependence in the WT hI Ks activation properties (Fig. 1C and SI Appendix, Fig. S13 ) is due to a strong mass reaction pulling the VSD-activated and ATP-bound channels to the open state (Fig. 7A) , whereas a reduction of the equilibrium constant for this transition by the mutation Q357R unmasks the ATP dependence of activation properties of the channel. Discussion I Ks currents repolarize ventricular action potentials in the heart, and the I Ks channel is an important regulator of heart rhythm. Here we show that intracellular ATP at physiologic concentrations (0.5-7.5 mM) acts as a signaling molecule to activate I Ks channels and shorten cardiac action potentials (Figs. 1 and 2) . We also identify a cluster of residues important for ATP binding located in the C terminus of KCNQ1 (Figs. 3 and 4) and the mechanism by which ATP binding alters channel function (Figs.  5-7) . These results indicate that ATP binding to the cytosolic domain promotes pore opening via an allosteric mechanism.
The I Ks ATP binding site has a low affinity for ATP (EC 50 = 1.7 mM; Fig. 1 ) and does not select between ATP and GTP ( 3 and SI Appendix, Fig. S2 ), but in the cell, ATP is present at a much higher concentration than GTP so that in physiologic conditions it can be considered an ATP binding site. Consistent with the low affinity and nonselective features, sensitivity to nucleotides with different phosphates and mutagenesis (Figs. 3 and 4) suggest that ATP is primarily coordinated by a cluster of basic charges, R380, K393, and R397, via electrostatic interaction with phosphates, whereas hydrophobic residues, including W379, stabilize the nucleoside moieties. We made a mutation scanning on aromatic residues in a part of the cytosolic domain flanking the basic residues to identify W397 (SI Appendix, Figs. S8 and S9). Our study cannot rule out the possibility that other residues may also contribute to ATP binding. Our search of the sequence of KCNQ1 did not find the conserved ATP binding motifs Walker A [GXXXXGK(T)] or Walker B (R/KXXXGXXXLhhhhD), where X represents any of the amino acids and h denotes a hydrophobic amino acid (28) . K ATP channels are formed by the inward rectifier channel subunit Kir 6.2/6.1 and regulatory sulphonylurea receptor subunit (29) , and ATP binds to the Kir subunit. Both N and C termini for ATP binding have been identified by mutagenesis. Positively charged residues play an important role interacting with negatively charged phosphate groups of ATP, with K185 and R201 in the C terminus of one subunit and R50 in the N terminus of another directly interacting with ATP (30) . In other known ATP-binding ion channels, the cystic fibrosis transmembrane conductance regulator contains Walker motifs for ATP binding (31) , whereas P2X receptors bind ATP with extensive hydrophilic interactions from amino acids located in two different structural domains (32) . Unlike in Kir6.2 or P2X, the putative ATP interacting residues in KCNQ1 are located in a close cluster (Fig. 4) . The 3D structure of the cytosolic domain of the KCNQ1 channel at the putative binding site has not been solved; it is not clear how the ATP binding site relates to the pore or other parts of the channel. In addition to voltage, I Ks channels require both ATP and PIP 2 to fully activate (11) (SI Appendix, Fig. S14 ), but our current and previous studies (14, 15) show that these two signaling molecules activate the channel with distinct molecular mechanisms. First, in this study, 100 μM PIP 2 , which is saturating for I Ks channels (EC 50 5 μM) (14) , was always present in intracellular solutions during patch-clamp recordings to prevent reduced channel activities due to PIP 2 level variations. GTP and nonhydrolysable ATP analog AMP-PNP could activate the channels with the same doses as ATP (Fig. 3A and SI Appendix, Fig. S2) , ruling out the possibility of ATP activating the channel via hydrolysis for the synthesis of PIP 2 . Second, the PIP 2 binding site was identified in between the VSD and the PGD (15) , whereas the putative ATP binding site is located in the C terminus toward the S6 gate (Fig. 4) . The mutations of the residues in the ATP binding site reduce ATP sensitivity but have no effect on the PIP 2 sensitivity of I Ks activation (SI Appendix, Fig. S15 ), supporting the distinctness of the two binding sites. Third, PIP 2 activates the channels by mediating the coupling between VSD movements and pore opening (15) , whereas ATP activates the channels by opening the pore (Figs. 5-7) . The last distinctive properties between PIP 2 and ATP-dependent activation is that PIP 2 sensitivity of the channels is modulated by the association of the KCNE1 subunit, the EC 50 of PIP 2 -dependent activation decreased more than 100-fold with KCNE1 association (14) , whereas ATP-dependent activation is not affected by whether KCNE1 is present (Fig. 1) .
Our results show that the I Ks channel is a voltage-and ligandactivated K + channel, with voltage sensor and ATP binding independently regulating pore opening. Likewise, HCN (33) and BK (34) channels are also voltage-and ligand-activated channels, both with voltage-sensing domains and intracellular ligand binding sites. A unique property of the I Ks channel is that both voltage and ATP are required for the pore to open, whereas BK channels can be activated by either voltage or Ca 2+ binding (35) , and HCN channels can be activated by voltage alone (33) . Nevertheless, it is not known if at extreme voltages the I Ks channel can be activated in the absence of ATP. For both BK and HCN channels, ligand binding shifts the voltage dependence of channel opening (33, 35) . However, ATP binding only enhances current amplitude without altering the G-V relation of WT I Ks channels (Fig. 1) .
Heart rate changes with physical activity and emotion. The modulation of the I Ks channel by ATP at physiologic concentrations directly links electrical activity and heart rhythm to the energetic state of cardiac myocytes. In normal physiologic conditions, the cellular ATP level in cells is tightly maintained, but submembrane ATP concentration has been shown to fluctuate with Na + -K + ATPase activity during action potential firings (36) . In cardiac myocytes the change of APD and frequency is accompanied by changes in Na + -K + ATPase and Ca 2+ pump activity (37) , which may also alter submembrane ATP concentrations. Therefore, ATP may act as a continuous regulator of heart rhythm during normal physiologic events.
In the failing human heart, ATP concentration is decreased by 35-40% (38) . Complex ventricular arrhythmias are presented in about half of heart failure patients, and sudden death is common (39) . Studies showed prolongation of the ventricular action potential both in animal models and in the human heart failure (40, 41) . Many ion currents underlie these changes in APD, and among them I Ks was found to be decreased in a canine model of heart failure, whereas I Kr remained unchanged (40) . However, the mechanism of this I Ks reduction has not been determined. Our results provide a possible mechanism. In addition, whereas during severe ischemia, ATP concentration falls to submillimolar levels and combined with the increase in ADP levels open K ATP to reduce APD and prevent excessive depolarization, thus maintaining excitability, in acute ischemia the ATP level is reduced by 50% (41) but still well above the range where activation of the K ATP channel would be expected to occur (42) , and a prolonged QT interval is observed (43) . This phenomenon, which suggests the involvement of repolarization currents, could be explained by a reduction of the I Ks channel activity. The increase of APD in acute ischemia would allow L-type Ca 2+ channels to open for a longer time to compensate for the reduced Ca 2+ channel activities (44) and maintain contraction. Finally, the activation of I Ks by ATP also presents a unique therapeutic opportunity such that at physiologic [ATP] a reservoir of I Ks remains unopened (Fig. 1) ; inducing these remaining closed channels to open would provide additional repolarizing currents that should shorten the APD in all circumstances in which a congenital or acquired LQT syndrome exists, independent of its origins.
Materials and Methods
All mutations were generated using overlap-extension PCR (14) and verified by sequencing. Xenopus laevis oocytes were injected with 0.05-20 ng of cRNA per oocyte, and macroscopic currents were recorded from whole oocytes or inside-out patches in 2-4 d (14) . Voltage-clamp fluorometry and Western blot experiments were as previously described (15) . Guinea pig single left ventricular myocyte were isolated and recorded for APs and I Ks currents as described (45) .
The relative conductance was determined by measuring tail current amplitudes at indicated voltages. The G-V and F-V relationships were fitted with the Boltzmann equation:
Þ=kT , where z is the number of the equivalent charges, V 1/2 is the voltage at which the channel is 50% activated, e is the elementary charge, k is Boltzmann's constant, and T is the absolute temperature.
More detailed experimental procedures and data acquisition and analyses can be found in SI Appendix, Materials and Methods.
